Hypoxia is an inseparable component of the bone marrow (BM) microenvironment, accounting for aggressive tumor behavior and poor prognosis of multiple myeloma (MM). Gambogenic acid (GNA) has proven to be an attractive option for treatment of tumors due to its tumor suppressive activity. Herein, we found that GNA exhibits remarkable apoptotic activity against MM cells even under hypoxia. MicroRNA-21 (miR-21) has been found over-expressed in MM patients and associated with the occurrence and development of MM. Direct studies have shown that there is a functional link between hypoxia and miR-21 expression in multiple types of tumors. In the current study, we found that hypoxia increased miR-21 expression in U266 cells and miR-21 induced by hypoxia was associated with concurrent reductions in its target PTEN. After treatment with GNA, miR-21 expression in hypoxic U266 cells was strikingly downregulated in a dose-dependent manner. Besides, we identified that regulation of miR-21/PTEN by GNA under hypoxia is related with inhibition of HIF-1α accumulation and STAT3 phosphorylation. Furthermore, in vivo study revealed that intravenous GNA injection could significantly suppress tumor growth and the miR-21/PTEN pathway is involved in GNA's anti-tumor effects. Taken together, all these results indicated that GNA could be a highly potent therapeutic for human MM.
Introduction
Multiple myeloma (MM) is one of the most common hematologic malignancy, characterized by accumulation of aberrant malignant plasma cells in the bone marrow (BM) microenvironment [1] . Introduction of novel therapeutics such as proteasome inhibitor bortezomib have greatly improved overall survival in MM patients [2, 3] . However, high rates of relapse and resistance to drug therapies remains inevitable. Although the mechanisms remain unclear, adaptive responses induced by hypoxic conditions in the BM have been implicated to cause myeloma cells to become anti-apoptotic, glycolytic, and immature [4] .
MicroRNAs (miRs) constitute a novel class of non-coding RNAs that act as negative modulators of gene expression [5] . miRs are involved in mediating various critical cellular processes such as proliferation, apoptosis, and differentiation [6, 7] . It was recently shown that hypoxia alters the expression of various miRs, which may also contribute to hypoxic adaptation [8, 9] . Aberrant expression of miR-21 within MM has been shown strongly correlated with disease progression, as well as being predictive of poor patient prognosis [10, 11] . Its expression is not only closely relevant to the tumor development, but also to the hypoxic environment.
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Thus, agents targeting the miR-21 may represent a potential therapeutic strategy to be used on hypoxic cells that survive other anti-tumor treatment.
In recent decades, agents derived from herbs have been recognized as novel cancer therapeutics. Gambogenic acid (GNA, Figure 1A ) is one of the main components of gamboge, a traditional medicine exuded from the Garcinia hanburyi tree [12] . Previous studies suggested that GNA exhibits stronger and broader anti-tumor effects but lower toxicity than gambogic acid (GA), another component of gamboge which has been clinically applied to treat multiple cancers [13] . It has been reported that GNA can induce apoptosis by inactivation of various signaling pathways in human tumors [14] [15] [16] . Our previous study has revealed that GNA is cytotoxic toward MM cells under normoxic conditions [17] . Here in this study we assessed the anti-tumor activity of GNA in hypoxic MM cells and investigated whether miR-21 conferred an involvement in GNA-induced apoptosis under hypoxic conditions.
Materials and Methods

Cell culture and establishment of hypoxic model
The multiple myeloma cell U266, obtained from Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China), were grown in RPMI-1640 medium (Gibco, Grand Island, NY, USA) at 15% inactivated fetal bovine serum (Sijiqing, Hangzhou, China) with 100U/mL penicillin and 100µg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in a humidified atmosphere with 5% CO2. For in vitro hypoxia conditions, cells were maintained in a sealed chamber flushed with a gas mixture (94% N2, 5% CO2 and 1% O2). 
Cytotoxicity assay
Cytotoxic effect of GNA on proliferating cells was evaluated by CCK8 (Dojindo, Kumamoto, Japan). Gambogenic acid (Anhui University of Traditional Chinese Medicine, China) was dissolved in DMSO (Sigma-Aldrich), stored at -20°C, and diluted with RPMI-1640 when used in the experiment. U266 cells were seeded in 96-well plates at a density of 3×10 4 cells/well in 0.1 mL and incubated with serial dilutions of GNA. Plates were then cultured in a hypoxic culture, with normoxic culture as control. After 24 hours, the CCK-8 solution (10 µL) was added to each well and incubated for additional 2 hours in the dark. The optical density (OD) was measured at 450 nm by Multiskan MK3 (Thermo Scientific, Shanghai, China). Then, cell viability was calculated as a percentage of viable cells in the GNA-treated group versus the untreated control.
Flow cytometry
Assessment of apoptotic cells were performed with Annexin V-FITC Apoptosis Detection Kit (Key-GEN, Nanjing, China). After being washed with ice-cold PBS twice, U266 cells were suspended with binding buffer and stained with (Annexin-V-FITC and PI) kit solution in dark for 15 min. Thereafter, the apoptosis rate was determined by FACSCalibur Flow Cytometry (BD, USA).
miRNA transfection
U266 cells (8×10 5 cells) were seeded in 6-well plates. miR-21 inhibitor and miR-inhibitor negative control (NC) (GenePharma, Shanghai, China) was diluted in serum-free RPMI-1640 medium and mixed with Lipofectamin 2000 (GenePharma, Shanghai, China) for transfection following the manufacturer's instruction. The transfected cells were seeded into 6-well plates and cultured in serum-free RPMI-1640 medium at 37°C in a CO2 incubator.
Quantitative real-time PCR assay
Total RNA was extracted from cells by using RNAiso Plus (TaKaRa, Dalian, China) following the manufacturer's instructions. RNA was then reverse transcribed to cDNA with Mir-X miRNA First-Strand Synthesis kit (TaKaRa). Real-time PCR was carried out using Mir-X miRNA q-RT PCR kit (TaKaRa). The real-time PCR reaction contained: 9 µL of ddH2O, 12.5 µL of SYBR Advantage Premix (2X), 0.5 µL of ROX Dye (50X), 0.5 µL of miR21-specific primer (10 µM), 0.5 µL of mRQ 3' primer (10 µM), 2.0 µL of cDNA template. The program was 95°C for 10 s, followed by 40 cycles of 95°C for 5 s, 60°C for 20 s. The relative expression level of miR21 was normalized to that of internal control U6 using the comparative threshold cycle (Ct) method (ΔΔCt method). The miR21-specific primer sequence was 5'-TAGCTTATCAGACTGATG TTGA-3'. The mRQ 3' primer, U6 Forward primer and U6 Reverse primer were provided by q-RT PCR kit (TaKaRa).
Western blot analysis
U266 cells of each group were collected and washed in lysis buffer. Total protein lysates from cells was extracted and western blot analyses were performed as described previously [18] . Blots were incubated respectively with different primary monoclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4°C overnight and incubated subsequently with corresponding horseradish peroxidase conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotechnology) for 2 hours at room temperature. Enhanced chemiluminescence (ECL system; Amersham, UK) were used to visualize protein bands and Image J software (NIH, USA) were employed to quantify densitometry.
Tumor xenograft model
All the studies were conducted in adherence with protocols approved by the animal ethics committee of the Medical School, Southeast University. Six-week-old BALB/c nude mice (18-22 g) were purchased from the Shanghai National Center for Laboratory Animals. All mice were fed with sterile food in a specific pathogen-free facility. After injected subcutaneously with U266 cells (1×10 7 cells in 100ul of serum free RPMI-1640), the length (a) and width (b) of the tumor were measured every other day. When tumor volumes (v/mm 3 ), calculated using the formula: v = ab 2 /2, reached approximately 50mm 3 , the mice (n = 5/group) were randomly divided into two groups: saline water as the control group and the GNA group (5mg/kg). The intravenous treatment was done every other day for seven times.
Histopathologic examination
After two weeks, all mice were sacrificed. Tumors and main organs were quickly removed and immediately immersed in 4% paraformaldehyde, dehydrated through a graded series of alcohol, and then embedded in paraffin wax blocks. 4-µm-thick tissue sections of each group were prepared and then stained with hematoxylin-eosin. After staining, tissue sections were observed by microscope.
Immunohistochemistry analysis
Immunohistochemical staining with UltraSensitive S-P IHC Kit (Maixin, Fuzhou, China) were used to detect the expressions of Ki67 and PTEN. Tumor tissue sections were incubated with anti-Ki67 or anti-PTEN (1:100, Santa Cruz Biotechnology) at 4°C overnight. Then they were stained by a streptavidin-peroxidase system. Diaminobenzidine substrate was used to visualize the signal and counterstaining was done with hematoxylin.
Statistical analysis
Data were expressed as mean ± standard deviation (SD) from at least 3 experiments performed in a parallel manner. Statistical analyses were performed using SPSS software (version 22.0; SPSS Inc, Chicago, IL, USA). Statistical significance of differences was determined by one-way analysis of variance among multiple groups. P < 0.05 was accepted as statistically significant.
Results
GNA inhibits proliferation and induces apoptosis in U266 cells
To determine whether GNA possessed antitumor properties under normoxic and hypoxic conditions, we evaluated its effect on the proliferation of U266 cells using CCK8 assay. Cells were treated with different concentrations of GNA under normoxia or hypoxia for 24 hours. The results showed that exposure to GNA resulted in a dose-dependent inhibition of cell proliferation ( Figure 1B) . Notably, the inhibitory effect was great even under hypoxic conditions. Similar to the antiproliferative effect, treatment of U266 cells with GNA induced apoptosis in a dose-dependent fashion and apoptotic activity was also greater under hypoxic conditions ( Figure  1C ).
GNA attenuates hypoxia-induced upregulation of miR-21 expression
Hypoxia is a remarkable feature of MM microenvironment and has activity of miR induction. To clarify associations between hypoxia, miR-21 and PTEN, we detected the expression levels of these cellular mediators in hypoxic U266 cells. As shown in Figure 2A and 2B, hypoxia upregulated the expression of miR-21 and miR-21 induced by hypoxia was associated with concurrent reductions in its target PTEN. We next examined the effect of GNA on miR-21 expression under normoxia and hypoxia. As illustrated in Figure 2C , GNA treatment decreased miR-21 expression compared to the group under hypoxia much more significantly than under normoxia. As miR-21 is a negative regulator of PTEN, the PTEN expression showed an opposite trend after GNA treatment ( Figure 2D ). 
Inhibition of miR-21 induces apoptosis in U266 cells
To verify if decreased miR-21 mediates cell apoptotic activity of GNA, U266 cells were transfected with either miR-21 inhibitor or miR-21 NC. After transfection, cells were then cultured under normoxia or hypoxia for another 24 hours. Apoptosis rates of cells were examined using flow cytometry. The results showed that compared with miR-21 NC groups, cells no matter under normoxia or hypoxia transfected with miR-21 inhibitor had significantly increased early and late apoptotic rates ( Figure 3A) . Western blot was used to evaluate the PTEN expression of each group. The results obtained indicated that miR-21 knowdown increased PTEN expression in normoxic U266 cells and attenuated reductions in PTEN protein levels under hypoxia ( Figure 3B ). This can explain that apoptosis rates were significantly raised by miR-21 inhibitor treatment.
Inhibitory effect of GNA on HIF-1α accumulation and STAT3 phosphorylation, which regulates miR-21 expression in hypoxic U266 cells
HIF-1α and STAT3, key regulators in hypoxia adaptation, have been reported to be involved in hypoxia-induced miR-21. To evaluate whether GNA suppresses miR-21 expression involves in the repressors of HIF-1α or STAT3 signaling, we examined the expression levels of HIF-1α or p-STAT3 in response to GNA treatment under hypoxia. As shown in Figure 4A , hypoxia induces HIF-1α accumulation and STAT3 phosphorylation. In the presence of GNA, expression levels of HIF-1α and p-STAT3 were significantly reduced in a concentration-dependent manner, while total STAT3 expression had no significant changes.
To substantiate the notion that HIF-1α or p-STAT3 acts as upstream mediators of miR-21 in the in vitro hypoxia model, we administered specific inhibitor against HIF-1α (2-ME) or p-STAT3 (S3I-201) prior to exposure to hypoxia and detected miR-21 expressions in hypoxic U266 cells. The results showed that blocking HIF-1α accumulation or STAT3 phosphorylation could in turn reduce miR-21 expression levels ( Figure 4B ). Western blot showed that PTEN expression levels were significantly increased in response to 2-ME and S3I-201 treatment ( Figure 4C, 4D) .
GNA inhibits tumor growth and regulates expression levels of miR-21 and PTEN
Nude mice that bore subcutaneous U266 xenografts were used to evaluate the tumor inhibitory effect of GNA (5 mg/kg per 2 days) in vivo. After two-week intravenous treatment, the tumors were dissected and photographed ( Figure 5A ). Relative to the control group, the average tumor volumes of the GNA-treated group were significantly decreased (950.5±189.3 mm 3 vs 359±74.8 mm 3 , P< 0.05, Figure  5B ). As shown in Figure 5C , the average tumor weight of the GNA-treated group was much lighter than the control group, indicating that GNA had a dramatic inhibitory effect on the growth of subcutaneous tumors. All mice were alive and no obvious side effects were noted throughout the study. GNA treatment had very minor effects on the body weight of mice ( Figure 5D ). Besides, no apparent histopathologic changes were observed in the main organs, including lung, heart, liver, kidney, and spleen ( Figure 6A ). The results demonstrated that GNA had minimal toxic effects for mice.
To further address whether the treatment mechanism agreed with our findings in vitro, qRT-PCR and immunohistochemistry were performed to detect the expression of miR-21, PTEN and ki67 in the xenograft specimens. As expected, the expression level of miR-21 were significantly decreased in xenograft tissue of GNA-treated group ( Figure 6B) . Meanwhile, PTEN, target of miR-21, was increased after GNA treatment. Finally, a pronounced decrease in the expression of ki67, the marker of tumor proliferation, was noted in GNA-treated group ( Figure 6C ). These data are consistent with the tumor growth curve, suggesting that GNA could attenuate tumor growth.
Discussion
MM represents the second most frequent hematologic disease with an annual incidence of 6.3 new cases per 100,000 individuals [19] . It remains incurable in many cases despite the variety of therapies already introduced, thus illustrating in-depth study of its pathogenesis and the urgent need for innovative therapeutic methods [20] [21] [22] . Traditional Chinese medicines have proven to be an attractive option for treatment of tumors due to their tumor suppressive activity. As a promising anti-tumor agent with multiple targets, GNA mediates a wide variety of functional anti-tumor effects [13] [14] [15] . In our previous study, we found GNA was markedly cytotoxic to normoxic MM cells. Herein, the results obtained from this study showed that GNA exhibits remarkable apoptotic activity against hypoxic MM cells and would encourage the further research for understanding the mechanism. Hypoxia, which plays an important role in maintaining tumor microenvironment, accounts for aggressive tumor behavior and poor prognosis [23, 24] . Asosingh et al showed that the hypoxic BM environment has a role in the establishment of MM [25] . Work by Muz et al demonstrated that hypoxia induced MM cell dedifferentiation and increased drug resistance to proteasome inhibitors [26] . The underlined mechanisms accounted for the hypoxia-induced tumor malignancy progression have not been fully identified, but increasing findings have highlighted a relevant role for miRs in the regulation of hypoxic adaptation. miR-21 has been reported over-expressed in MM patients and associated with the occurrence and development of MM [10, 11, 27] . Direct studies have shown that there is a functional link between hypoxia and miR-21 expression in multiple tumors [8, 28] . In the current study, we found that hypoxia increased miR-21 expression in U266 cells and miR-21 induced by hypoxia was associated with concurrent reductions in its target PTEN. After treatment with GNA, miR-21 expression in hypoxic U266 cells was strikingly downregulated in a dose-dependent manner. Consistent with prior reports, we found that downregulation of miR-21 expression triggered upregulation of suppressor gene PTEN, thereby decreasing multiple myeloma cell proliferation and survival [10, 29, 30] .
Emerging evidence indicates that many miRs are transcriptional targets of HIF-1α and prevent hypoxic cells from apoptosis by targeting important downstream genes [9, 31] . Here in our study, we demonstrated that inhibition of HIF-1α using its inhibitor 2-ME suppressed the expression of miR-21 under hypoxia and in turn increased PTEN expression. In addition to HIF-1α pathways, miRs also act as critical mediators of hypoxia signaling through other signaling pathways. Previous studies confirmed that activation of STAT3 regulates miR-21 expression, as there is a conserved STAT3-binding site locted in miR-21 genomic region [32] . Inhibition of the activation of STAT3 with the STAT3 inhibitor S3I-201 reduced the miR-21 expression, suggesting that p-STAT3 might work together with HIF-1α to induce the expression of miR-21 under hypoxia. The signaling proteins were further examined in the presence or absence of GNA under hypoxia. The results indicated that regulation of miR-21/PTEN by GNA under hypoxia is related with inhibition of HIF-1α accumulation and STAT3 phosphorylation.
Besides, tumor xenograft model was generated to evaluate the anti-tumor activity of GNA in vivo. As expected, intravenous administration of GNA significantly reduced the tumor size according to the tumor growth curve. Immune staining with Ki-67, a reliable means of rapidly estimating the growth fraction of neoplastic cell populations, further confirmed the anti-proliferative activity of GNA in U266 cells. qRT-PCR analysis and immune staining of the tumor sections revealed decrease of miR-21 expression and increase of PTEN expression, which was consistent with the findings in vitro.
In corollary, we conclude that GNA exerts antitumor activity in hypoxic MM cells by regulation of miR-21 via reducing HIF-1α accumulation and STAT3 phosphorylation. All our results provide evidences that GNA can affect malignant properties of U266 cells even under hypoxia both in vitro and in vivo. GNA appears to be a new potent therapeutic agent against human MM.
